Background: Even before the onset of age-related diseases, obesity might be a contributing factor to the cumulative burden of oxidative stress and chronic inflammation throughout the life course. Obesity may therefore contribute to accelerated shortening of telomeres. Consequently, obese persons are more likely to have shorter telomeres, but the association between body mass index (BMI) and leukocyte telomere length (TL) might differ across the life span and between ethnicities and sexes. Objective: A collaborative cross-sectional meta-analysis of observational studies was conducted to investigate the associations between BMI and TL across the life span. Design: Eighty-seven distinct study samples were included in the meta-analysis capturing data from 146,114 individuals. Studyspecific age-and sex-adjusted regression coefficients were combined by using a random-effects model in which absolute [base pairs (bp)] and relative telomere to single-copy gene ratio (T/S ratio) TLs were regressed against BMI. Stratified analysis was performed by 3 age categories ("young": 18-60 y; "middle": 61-75 y; and "old": >75 y), sex, and ethnicity. Results: Each unit increase in BMI corresponded to a −3.99 bp (95% CI: −5.17, −2.81 bp) difference in TL in the total pooled sample; among young adults, each unit increase in BMI corresponded to a −7.67 bp (95% CI: −10.03, −5.31 bp) difference. Each unit increase in BMI corresponded to a −1.58 × 10 −3 unit T/S ratio (0.16% decrease; 95% CI: −2.14 × 10 −3 , −1.01 × 10 −3 ) difference in ageand sex-adjusted relative TL in the total pooled sample; among young adults, each unit increase in BMI corresponded to a −2.58 × 10 −3 unit T/S ratio (0.26% decrease; 95% CI: −3.92 × 10 −3 , −1.25 × 10 −3 ). The associations were predominantly for the white pooled population. No sex differences were observed. Conclusions: A higher BMI is associated with shorter telomeres, especially in younger individuals. The presently observed difference is not negligible. Meta-analyses of longitudinal studies evaluating change in body weight alongside change in TL are warranted. Am J Clin Nutr 2018;108:453-475.
INTRODUCTION
Telomeres, the nucleoprotein structures at the ends of chromosomes, shorten with each cell division in somatic cells (1) . When telomere length (TL) reaches a critical value, cells either enter a state of senescence or undergo apoptosis (2) . Oxidative stress and chronic inflammation are suggested to play a role in accelerated telomere attrition (3) (4) (5) . Even before the onset of agerelated diseases, obesity might be a contributing factor to the cumulative burden of oxidative stress and chronic inflammation throughout the life course, and obesity may therefore contribute to accelerated shortening of telomeres.
Obesity is a growing health problem, and worldwide its prevalence has more than doubled since 1980 (6). In addition, the burden of diabetes and cardiovascular disease is partly attributable to being overweight and obese (6). Tackling obesity might be a starting point to delay telomere shortening and the onset of age-related diseases. Although obesity is associated with shorter telomeres overall (7) , studies in the elderly found no relation between TL and obesity and no relation between TL and mortality (8, 9) . We hypothesized that obese persons will have shorter telomeres, compared with those of normal weight of the same chronological age, but that the association between obesity and TL will differ across the life span.
Sex and ethnicity may also influence the association between BMI and TL. On average, women have longer telomeres than men (10) (11) (12) . However, published results on sex differences in associations between BMI and TL are inconsistent (13) (14) (15) . African Americans and Native Americans have higher rates of obesity (16) , and racial differences in TL have frequently been reported in adult African Americans who have longer telomeres than white individuals (17) (18) (19) (20) (21) , but evidence is lacking with regard to whether the association between BMI and TL differs between ethnicities.
Two recent meta-analyses reported the negative association between BMI and TL on reported summary statistics in the literature, but they did not examine sex differences or the influence of age and ethnicity (7, 22) . To further evaluate whether BMI is associated with TL, a large-scale, collaborative, cross-sectional meta-analysis was conducted across observational studies that collected information on BMI and TL of adult individuals. To avoid publication bias and maximize the data in the analyses, a consistent standardized analysis plan across studies was used and principal investigators (PIs) of published studies were contacted and asked to participate in the Telomere Maastricht collaborator (TELOMAAS) group. Because the relation between TL and BMI could be moderated by age, sex, and ethnicity, we completed additional analyses stratifying by these factors.
METHODS

Search strategy
We performed a broad literature search up until 10 November 2017 using PubMed (www.ncbi.nlm.nih.gov/pmc), EMBASE (ovidsp.tx.ovid.com), and the Cochrane (www. cochranelibrary.com) database without restrictions in language or publication date. Numerous studies have measured BMI and TL for purposes other than the association between TL and BMI as an outcome. Therefore, the search was rather broad and not narrowed to TL or BMI. On the basis of the existing relation between obesity, diabetes, and cardiovascular diseases, and because TL is related to aging, we completed a search in which terms related to these conditions were entered. In addition, search items related to study design were entered. The complete search criteria are listed in Supplemental Methods. Citation and reference tracking were performed until no new studies were found. One of the authors (MG) performed the literature search and selected potentially relevant publications. Titles and abstracts of potentially relevant studies were screened. In addition, when the abstract indicated that the article reported a study of diabetes or cardiovascular disease, the full text was screened. No additional restrictions for study design were applied.
Eligibility criteria
Studies were included if height and weight or BMI was collected. The corresponding author was invited to participate in the meta-analysis and identified additional unpublished studies. PIs of these unpublished studies were also invited to participate. Cohort studies in healthy individuals at baseline were included, and if the study design was a case-control study, only controls were included in the meta-analysis. In compiling the database, care was taken to exclude overlapping study cohorts. The study sample (abbreviated as "study") was taken as the unit for this meta-analysis.
Data extraction
The detailed study protocol can be found in the Supplemental data ("Study Protocol for Participating PIs"). The PI of each study completed a questionnaire and additional information was extracted from the manuscript. The following data were collected: study name; study design (cohort or case-control); sample size (cohort size or control group size); presence of the variables age, sex, and ethnicity [when ≥70% of the individuals of a sample were of a single ethnicity (e.g., white, African American, Native American, Asian, Hispanic), the sample was classified as a sample of a particular ethnicity; when no ethnicity constituted 70% of the sample, the sample was classified as a mixed sample]; leukocyte TL; and BMI (kg/m 2 ) and whether BMI was measured or self-reported; white blood cell types from which DNA was extracted for telomere measurements; and method of TL measurement and of DNA storage (Supplemental Material: Study Protocol for Participating PIs). Two metrics were used for TL: absolute TL in base pairs (bp) and relative TL based on telomere to single-copy gene ratio (T/S ratio) (23) . A T/S ratio of 0.8 indicates a relative TL, which is 80% of the reference used (100%).
The PI was free to provide the de-identified raw data or to perform linear regression analyses and provide summary statistics. If the PI provided raw data, one of the authors (MG) conducted the linear regression analyses with TL (bp or T/S ratio) as the outcome and BMI as the independent variable to obtain the summary statistics. Three sex groups were defined: men, women, and a combined group of men and women; 4 age groups were defined: "young" (18-60 y), "middle" (61-75 y), and "old" (>76 y) and a combined group of all subjects regardless of their age. For each study, ≤12 stratified linear regression analyses were conducted (stratified by the 3 sex groups and 4 age groups). The analyses that included all subjects regardless of sex were adjusted for sex; similarly, the analyses that included all subjects regardless of age were adjusted for age.
If the T/S ratio was used to estimate absolute TL without the use of reference DNA with the known absolute TL, the PI was asked to provide new analyses with the T/S ratio as the outcome. If the PI did not respond to this request, absolute TL based on the T/S ratio was used for analyses and included in the analysis. The regression coefficients (β estimates) and SEs were then used in the meta-analyses. In the case of longitudinal data, one randomly selected measurement of TL along with the corresponding BMI and age for that time point were used in the analysis. The summary statistics thus included the results of 12 linear regression analyses, with TL (bp or T/S ratio) as the outcome and BMI as the independent variable.
Assessment of small study effects
To examine the potential presence of publication bias, visual inspection of funnel plots for asymmetry was performed, followed by the Egger and Begg's linear regression test for small study effects (24) and the Duval and Tweedie nonparametric "trim and fill" method (25) .
Statistical analysis
Statistical pooling
The primary outcome of the meta-analysis was a pooled estimation of the difference in absolute TL in bp or relative TL (T/S ratio) per unit increase in BMI. Study-specific regression coefficients (β estimates) and SEs were combined by using random-effects pooling in 12 meta-analyses. The assumption of a linear association between BMI and TL was verified by using the raw data provided by the PIs (Supplemental Methods, Supplemental Results).
Assessment of heterogeneity
Details are given in Supplemental Methods. Statistical heterogeneity between studies was estimated by using I 2 statistics (26, 27) for each of the 12 meta-analyses. Low heterogeneity was indicated by I 2 ≤25%, medium heterogeneity by I 2 of 25-50%, and high heterogeneity by I 2 >50% (27) . To investigate potential effect modification of age and sex, meta-regression analysis was performed with age and sex separately incorporated as covariates. Age was therefore categorized into 3 age categories ["young" (18-60 y), "middle" (61-75 y), and "old" (>75 y)] and also into 2 age categories ["young" (18-60 y) and "other" (>60 y)]. Other potential sources of heterogeneity at the study level (effect modifiers) were also investigated by meta-regression analysis (Supplemental Methods).
Sensitivity analyses
The following sensitivity analyses were performed: 1) outlier analyses by omitting one study at a time, 2) omitting studies with large sample sizes (n >5000), 3) omitting studies that used the relative TL to estimate the absolute TL, 4) stratification by method of measurement of TL [Southern blot compared with quantitative polymerase chain reaction (qPCR)], and 5) using a cutoff of 90% for defining ethnicity (Supplemental Methods).
Statistical analyses were performed with the use of Stata software version 12.0 (StataCorp). All of the statistical tests were 2-sided; P values <0.05 were considered significant, except where otherwise specified.
RESULTS
Search
The search (PubMed, EMBASE, and Cochrane) yielded 5021 publications, from which 173 potentially relevant publications were identified. Some authors contributed to >1 publication. As a result, 153 corresponding authors were identified and contacted. Seventy-five corresponding authors responded positively, 69 authors did not respond, 6 declined to participate, and 3 authors did not have the requested data. Because 1 publication could include multiple studies, the PIs (if not the same as corresponding authors) of the studies were contacted. Eight additional studies were identified by the corresponding authors and the PIs of these additional studies were contacted. We decided to exclude 9 studies that used 1) techniques other than Southern blots and 
FIGURE 1
Study inclusion flow chart. L/C ratio, telomere/centromere ratio; T/S ratio, telomere to single-copy gene ratio. qPCR or 2) did not report TL in bp or T/S ratio, because the regression coefficients (β estimates) may not be directly comparable.
In total, 87 unique studies were included in the meta-analyses. Twenty-nine studies measured absolute TL and 58 studies used the T/S ratio. A flow chart of the inclusion procedure is presented in Figure 1 .
Description of studies
The characteristics of the 87 studies included in this metaanalysis are provided in Table 1 . Absolute TLs were obtained from 29 studies (3, 5, 13, 14, 17, ; HyperGEN study, unpublished data S. Hunt, A. Aviv, R. Cawthon 2011), of which 4 studies estimated absolute TL on the basis of the T/S ratio (19, 22, (62) (63) (64) (65) (66) (67) (68) . In 17 studies, Southern blots were used (3, 5, 13, 14, 17, 28-40, 44, 45, 48-52, 55, 56, 59, 61) . Fifty-eight studies presented the relative TL (T/S ratio) (4, 15, 69-133; Utah Pedigree Study, unpublished data S. Hunt, A. Aviv, R. Cawthon 2011). One PI provided the data stratified by source of leukocytes (whole blood compared with buffy coat) (104) . One PI provided longitudinal data (55) .
The total pooled sample of this meta-analysis consisted of 146,114 adults (40% men), the "young" pooled sample (18-60 y) consisted of 81,446 adults (51% men), the "middle" pooled sample (61-75 y) consisted of 42,991 adults (41% 
Assessment of small study effects
Visual inspection of the funnel plots for absolute TL and for relative TL yielded symmetric plots (Supplemental Figure 1 , funnel plots). No publication bias was detected with the use of Egger's test or Begg's test. The "trim and fill" method added 1 hypothetical study to the meta-analysis for absolute TL. However, the recalculated summary estimate did not change and was still significant with its inclusion (β = −3.99; 95% CI: −5.16, −2.84; P < 0.001).
Statistical pooling
A summary of the β estimates of the meta-analysis is shown in Tables 2 and 3. An overview of the meta-analysis is shown Supplemental Tables 2 and 3 in which the β estimates of all meta-analyses for absolute TL as the outcome (Supplemental Table 2 ) and of all meta-analyses for relative TL as the outcome (Supplemental Table 3 ) are presented. The accompanying forest plots are presented in the Supplemental Figure 2 .
We confirmed that age was an effect modifier. Because the associations between BMI and TL did not differ significantly between men and women, the results of the sex-specific metaanalyses are shown only in the Supplemental Results.
Overall meta-analysis
Overall, sex-and age-adjusted absolute TL was significantly associated with BMI (Table 2, line 1). Each unit increase in BMI corresponded to a −3.99 bp (95% CI: −5.17, −2.81 bp; I 2 = 0.6%) difference in absolute TL (Table 2, line 1; Figure 2 ). For example, the estimated difference in TL between a normalweight individual with a BMI of 25 and an obese individual with a BMI >30 is (rounded) >20.0 bp and, if a larger difference is used (BMI: 20 compared with >30), is >39.9 bp. The estimated difference between normal weight and morbid obesity (BMI >40) is >59.9 bp. Overall, each unit increase in BMI corresponded to a −1.58 × 10 −3 unit T/S ratio (0.16% decrease; 95% CI: −2.14 × 10 −3 , −1.01 ×10 −3 ; I 2 = 41.1%) difference in age-and sex-adjusted relative TL (Table 3 , line 1). The estimated difference in relative TL between normal weight and obesity A random-effects model was used. Statistical heterogeneity was estimated by I 2 statistics for each of the meta-analyses. *P < 0.05 or I 2 >50%. "n" indicates number of studies.
TABLE 3
Summary of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and telomere length as the outcome and relative telomere length (T/S ratio) as the independent The unit of the estimates and 95% CI of the T/S ratio is 10 −3 . A random-effects model was used. Statistical heterogeneity was estimated by I 2 statistics for each of the meta-analyses. *P < 0.05 or I 2 >50%."n" indicates number of studies. T/S ratio, telomere to single-copy gene ratio. 2 Adjusted for age and sex. 3 Adjusted for sex.
is a ≥7.9 × 10 −3 unit (0.79% difference) T/S ratio (Table 3 , line 1; Figure 3 ) and between normal weight and morbid obesity is a ≥23.7 × 10 −3 unit T/S ratio (2.37% difference).
Meta-analysis stratified by age categories
Analysis stratified by age category showed that in "young" adults (18-60 y) a unit increase in BMI corresponded to a −7.67 bp (95% CI: −10.03, −5.31 bp; I 2 = 31.2%) difference in absolute TL (Table 2, line 1; Figure 4) . In "middle"-aged adults (61-75 y) the overall association between BMI and TL was −1.65 bp (95% CI: −4.41, 1.11 bp; I 2 = 19.7) per unit increase in BMI. In "old" adults (>75 y) the overall association between BMI and TL was −5.89 bp (95% CI: −10.41, −1.37 bp; I 2 = 5.3) per unit increase in BMI ( Table 2 , line 1).
For relative TL, each unit increase in BMI corresponded to a −2.58 × 10 −3 unit T/S ratio (0.26% decrease; 95% CI: −3.92 × 10 −3 , −1.25 × 10 −3 ; I 2 = 80.0%) difference in relative TL in young adults (Table 3 , line 1; Figure 5) . In "middle"-aged adults, the overall association between BMI and relative TL was found to be a −1.08 × 10 
Meta-regression and sources of heterogeneity
Age and ethnicity were effect modifiers in the meta-regression analyses (Supplemental Results). Therefore, all of the analyses were stratified by ethnicity in addition to the originally planned analyses.
With absolute TL as the outcome, stratified analyses showed that all estimates were significant for the white pooled sample ( Table 2 , line 2) and also for the "middle" pooled Asian sample. However, the latter estimate was an outlier and based on just 1 study ( Table 2, 
line 5).
With relative TL as the outcome, stratified analyses showed that the estimates (except for one estimate for the "old" pooled sample) were significant for the white pooled sample (Table 3,  line 2 ). In addition, the estimates of the overall and "young" pooled Native American samples and the estimate of the "young" pooled Asian sample were significant (Table 3 , lines 5 and 6).
Sensitivity analysis
None of the sensitivity analyses resulted in a substantial change in the summary estimate (Supplemental Results).
DISCUSSION
This cross-sectional meta-analysis of 87 observational studies of adult pooled populations confirmed previous observations that BMI is negatively associated with TL. After stratification for age and ethnicity, the negative association between BMI and TL appeared to be stronger in the "young" pooled population (18-60 y) and in the white pooled population. Differences between men and women could not be confirmed.
On the basis of our estimates for absolute TL, an ∼5-unit higher BMI appears to be equivalent to a difference in TL of ∼20-38 bp or an ∼7.9 × 10 −3 to 13 × 10 −3 unit T/S ratio (0. 
FIGURE 2
Forest plot of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and absolute telomere length (base pairs) as the outcome in the total pooled population. Random effect model was used and adjusted for age and sex. difference). Compared with an estimated average yearly decrease (i.e., ∼25 bp/y or ∼0.01 T/S ratio/y) in leucocyte TL in adults based on cross-sectional data (3, 32, (134) (135) (136) , this is equivalent to an increase in biological age of ∼1 y. A major disadvantage of cross-sectional analysis is the impossibility to infer causation. However, the robust association between higher BMI and lower TL found in this meta-analysis could highlight another potential area of concern for the obesity epidemic.
Because obesity and, more specifically, an increase in leptin and a decrease in adiponectin have been associated with lowgrade inflammation and oxidative stress (137), the observed negative association between BMI and leukocyte TL may be due, in part, to the chronic inflammatory state associated with higher leptin. Recently, a negative association was observed between age-related relative TL and serum leptin in 7 cohorts of 11,448 participants, which remained significant after adjustment for BMI (103) . These data suggest that, beyond a high BMI, inflammatory conditions, mediated via increase in leptin, likely contribute to telomere shortening. Because a longitudinal intervention study showed that a reduction in BMI was linked to increasing TL over a 5-y period (98) , it is also suggested that a common factor, such as chronic inflammation, is associated both with leptin resistance and with TL.
The negative association between BMI and TL was most apparent in the younger pooled population, in whom a stronger association was found for TL than in the other age groups. Three possible explanations could explain this observation. First, BMI could be a better marker for adiposity in younger individuals aged <60 y than in older individuals (22) . Above 65 y of age BMI may less consistently reflect obesity because of potential loss of muscle and bone mass and height (22) . The fact that older men weighed less than the middle-aged men at a given height is attributed to older men having less lean tissue, and a lower BMI can actually reflect a higher fat mass (138) . Second, selective survival might be one of the causes of the stronger association found in the younger age category. As Manson et al. (139) 
FIGURE 3
Forest plot of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and relative telomere length (T/S ratio) as outcome in the total pooled population. The unit of the estimates and 95% CI is 10 −3 . A random-effects model was used and adjusted for age and sex. 60s, heart failure and weight loss due to debilitation and muscle wasting at age 70, and death at age 75". People who suffered from age-related diseases may have died and those who survived may therefore differ from those who died (140) . Third, older people are more likely to have chronic diseases that lead to weight loss and people with chronic diseases are probably less likely to participate in studies (139) .
The magnitude of the negative association between BMI and leukocyte TL was found to be largest in the white pooled population. One possible explanation could be that TL 
FIGURE 4
Forest plot of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and absolute telomere length (base pairs) as outcome in the "young" pooled population (age ≥18 and ≤60 y). A random-effects model was used and adjusted for sex. differs between different cell types (141) and that leukocyte cell subpopulations (142) differ between whites and African Americans. However, because only 4 samples consisted of African Americans, more research is required to resolve whether this observation explains the racial differences in association between TL and BMI for white and African Americans or whether this is a false-positive finding. Second, it was reported that the estimation of visceral adipose tissue, the most relevant tissue that determines the risk of developing chronic metabolic diseases, was different in white and African American adults (143) . At a higher BMI or increased waist circumference, white adults had higher amounts of visceral adipose tissue than African-American adults (137) . Because the presence of leptin resistance or markers of inflammation was not included in these studies, it remains to be determined whether the relation between BMI, leptin resistance, inflammation, and telomere attrition is different for African Americans compared with whites. In addition, the one study sample consisting of 3256 mostly "young" Native Americans showed similar results as found for the white study population (107) . The majority of this study sample was centrally obese, and leukocyte TL was negatively correlated with C-reactive protein.
One of the main strengths of this study is that we did not rely on publications only. Instead, we contacted PIs, which, in turn, pointed us toward important studies we may have missed to obtain the data used in the meta-analysis. In addition, we incorporated potential confounders (age and sex) and sources of heterogeneity (ethnicity and study design). The response rate of the originally contacted PIs was 55%, with a final count of 87 unique studies and >140,000 individuals. Although it is impossible to make a direct comparison with the unpublished β estimates of the nonresponders, we assume, also based on the absence of significant publication bias, that the studies in this meta-analysis are a random selection of all studies conducted and that we present a valid representation of the association between BMI and TL. Because of the large variation in adult TL, as well as biological and measurement variation (qPCR), large sample sizes are needed, especially in cross-sectional studies, to detect modest effects (30) . In this meta-analysis we were able to detect a significant association of −3.99 bp or a −1.58 × 10 −3 unit T/S ratio (0.16%) per unit increase in BMI. Because 36% of our metaanalyses showed a significant association with estimates in the same direction and of the same magnitude (except for 3 estimates of extreme magnitude of one Asian sample in the "middle"-aged 
FIGURE 5
Forest plot of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and relative telomere length (T/S ratio) as the outcome in the "young" pooled population (age ≥18 y and ≤60 y). The unit of the estimates and 95% CI is 10 −3 . A random-effects model was used and adjusted for sex. population), we assume that false positive reporting is only of minor concern.
Two recent meta-analyses, which relied on published data, also reported negative associations between BMI and TL. The first smaller scale meta-analysis reported negative regression coefficients on the association between TL and BMI (22) , of which 5 studies were also included in this meta-analysis (13, 14, 19, 82, 144) . The larger-scale meta-analysis reported a weak negative correlation, a standardized mean difference of 0.84 (95% CI: 0.22, 1.46) between obese individuals and normal-weight individuals, and an OR of 1.39 (95% CI: 1.15, 1.69) (7). Of the 45 samples that met our inclusion criteria 33 collaborated in our analysis. This shows that the results between the meta-analyses are consistent and very robust.
Although age and ethnicity were taken into account, it should be mentioned that the older study sample was relatively small (∼8400 individuals) and that the majority of the individuals were white (83%). Unfortunately, we did not include smoking in the meta-analysis. Smoking is generally associated with a lower BMI and shorter TL (3, 139, 145) , which may have caused an underestimation of the inverse association between BMI and TL. In addition, inflammation was not directly measured. We were also not able to measure telomere attrition because we did not incorporate longitudinal data, and reverse causation cannot be excluded. However, there are very few large-scale studies with repeated measures of TL.
The lengths of telomeres at different ages are highly correlated, and it has been suggested that most of the variation in leukocyte TL in adults is a result of TL at birth and that therefore the impact of environmental and lifestyle factors is rather small (145, 146) . In addition, Benetos et al. (145) described that ranking of individuals into deciles according to their TL barely changes across adult life. Our meta-analysis shows that a 5-unit increase in BMI corresponds to a change of ∼20 bp or even ∼38 bp in the younger pooled population, which is equivalent to 1-y greater biological age, irrespective of ranking.
In summary, a higher BMI is associated with shorter telomeres, especially in the younger pooled population. Being aware of the fact that the association between BMI and TL differs across the life span can lead to further research. Although no causal inference can be drawn and residual confounding may exist, the results were robust across a variety of potential confounders. Given this, we could possibly infer that tackling the obesity epidemic might be a starting point to delay telomere shortening and the onset of age-related diseases, thereby contributing to slower biological aging of the population. However, metaanalyses of longitudinal studies that can evaluate change in body weight alongside change in TL are warranted.
